The present study reports the deposition of coating using Plasma Electrolytic Oxidation (PEO) onto grade 4 titanium to produce novel surface features. Samples were treated in an electrolytic solution of calcium acetate and sodium glycerolphosphate. The temporal evolution of hydroxyapatite coatings with high Ra roughness and a maximum thickness of 120 µm was obtained. X-ray spectra revealed the presence of hydroxyapatite, rutile and calcium phosphate. Cell growth measurement by MTT assay showed that the coatings were not toxic because cells grew on all samples.
Introduction
Titanium is widely-used as a biomaterial because it is biocompatible, chemically inert, and possesses good mechanical properties. It is not an ideal material from a medical standpoint as it does not present good bioactivity, i.e. bone does not grow spontaneously around it when implanted in the human body [1] [2] [3] . We are conducting studies to improve the bioactivity of this material.
Currently, there are two main lines of research focused on improving the bioactivity of titanium through changes in it is surface properties. These are based on the growth of a layer of hydroxyapatite, Ca 10 (PO 4 ) 6 (OH) 2 , the principal mineral component of bone, on the metal surface. Hydroxyapatite (HA) has superior biocompatibility to any other known material 4 . Many studies propose the modification of the titanium surface to accelerate the spontaneous precipitation of apatite when in contact with the body; others propose the deposition of an HA layer.
The layer deposition techniques used to produce calcium phosphate include "plasma spray" [5] [6] [7] [8] , laser ablation, "magnetron sputtering" 9, 10 , sol-gel [11] [12] [13] [14] , electrophoresis 15, 16 , and biomimetic methods [17] [18] [19] . In the latter technique, the hydroxyapatite is precipitated from a saturated calcium phosphate solution, similar to that of blood. Among the techniques mentioned above, the only one commercially available is plasma spray, but the layers produced present problems. The connection between the hydroxyapatite and metal is purely mechanical, without chemical interaction between the two materials. Consequently, coatings behave as a brittle ceramic, presenting a low resistance to fatigue, delamination and degradation when used in implants for prolonged periods 20, 21 . The particles released into body can cause inflammatory reactions 22 . An alternative for the production of highly adherent layers using a cheap and simple methodology is Plasma Electrolytic Oxidation (PEO). Using PEO coatings can be deposited onto samples from an aqueous electrolyte, by applying a potential of a few hundred volts, which generates localized discharges on the sample surface 23 . The electrolytes dissolved in water dissociate to form anions and cations. When a voltage is applied between the electrodes, anions and cations are attracted to the anode and cathode, respectively. Thus, at the anode, the oxidation process begins. Initially, an insulating layer formed on the anode causes a significant drop in system current. With the increase of the applied voltage, the current is forced to pass through the coating. Intense electric fields around the samples generated localized electrical discharges, called micro-arcs. The coating is formed by oxidation of the samples and by deposition of elements from the electrolytic solution. As the micro-arcs produce high temperatures the oxide layer can be sintered and incorporate elements into the coating. The coating is deposited across the whole surface immersed in the solution. An improvement in adhesion of these layers is observed compared to that of hydroxyapatite layers deposited by plasma spray 24, 25 . In addition, the layers are porous and rough, and resistant to wear and corrosion 26, 27 , which are interesting features for good bioactivity.
Recent studies have demonstrated the possibility of the deposition of HA films by PEO [28] [29] [30] [31] [32] 29, 31 . Some results show that it is possible to deposit various phases of calcium phosphate, including hydroxyapatite 30, 32 . Currently, the formation of HA in coatings produced by PEO is possible using long treatment times together with high polarization frequencies. As confirmed by XRS, however, the amount of HA produced is small. Thus, the objective of this work is to obtain a coating containing a significant amount of HA using short depositions times.
Experimental Description
Grade 4 titanium disks of 8 mm diameter and 2 mm thickness were produced. After machining and polishing, the samples were sterilized and stored in suitable containers. The samples treatment was carried out in a stainless steel tank of capacity 2 l. The tank was enclosed in a cooling system that maintains the temperature of the solution at approximately 50 °C. The sample was attached at the anode and the tank served as the cathode itself. The electrolytic solution used for the treatment was 0.2 M calcium acetate ((CH 3 COO) 2 Ca) and 0.02 M sodium glycerophosphate (C 3 H 5 (OH 2 )PO 4 Na) diluted in 1 liter of deionized water. The samples were treated with a current density that varied between 1.7 and 0.6 A cm -2 (both ± 0.2 A cm -2 ) for times of 120, 300 and 600 s. The voltage, frequency and duty cycle were 480 V, 100 Hz and 60%, respectively. Treatment of the samples was carried out in the potentiostatic mode, during which the voltage is maintained constant and the current varies as a function of time. After PEO treatment, the samples were cleaned with deionized water and dried.
In this study, we investigated the structure, thickness, roughness, morphology, chemical composition and cytocompatibility of the coating. The coating thickness was measured by scanning electron microscopy (SEM) after preparation of a metallographic sample section. Sample surface roughness was verified by profilometry. SEM was used to analyze the morphology of the coating. X-ray diffraction using Cu-K α radiation (λ = 1.54 Å) with angles between 20 and 60° and a step-size of 0.1°/ min, was used to examine the phase of the coating.
The cytocompatibility, i.e. the ability of the samples to support adhesion and cell growth of primary osteoblasts after 24 hours and 5 days of culture, was assessed using the colorimetric MTT metabolism assay (3 -(4,5-dimethylthiazol-2-yl) -2,5 diphenyl tetrazolium bromide). Osteoblasts were obtained by extraction from calvariae of three 20-day-old Wistar rats according to Declercq et al. 33 . Osteoblasts were cultured in Dulbecco's modified essential medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), gentamicin (50 μg/mL) and amphotericin B (5 μg/mL). The cells were then harvested using trypsin/EDTA and seeded onto 48-well culture plates containing the samples. The culture medium was changed every 2 days. For the MTT assay, 1x10
3 cells/mL were seeded in wells containing the samples. After 24 hours and 5 days of culture, the culture medium was removed and the wells washed twice with 0.1 M PBS, pH 7.4, at 37 °C, followed by the addition of 200 μL of DMEM and MTT reagent (20 μL/well, containing 5 mg of MTT reagent/mL). After incubation for 4 h at 37 °C, the cells were lysed by adding 200 μL of dimethylsulphoxide (DMSO). Subsequently, 100 μL aliquots of the solution in each well were transferred to a new plate and the absorbance then measured at 570 nm using a microplate reader. The data for the cytocompatibility assay was expressed as the mean ± standard deviation (SD) for n = 4 experiments. Analysis of variance (One-Way ANOVA) followed by the Tukey test (with p < 0.05) was used to assess the significance of the data. For the data analyses the BioEstat® 5.0 statistical software was used.
Results and Discussion

Current density characteristics
When the supply is turned on, the voltage between the electrodes rises automatically to 480 V in 10 s. At this treatment voltage, the sample surface is entirely covered by micro-arcs and the formation of the coating begins. The current, however, varies as function of treatment time since the coating growing on the titanium is electrically isolated, which changes the electrical conductivity of the system. Consequently, as shown in Figure 1 , the current density varied from 1.7 to 0.6 Acm -2 (both ± 0.2 A cm -2 ). Up to 50s of treatment time there is a rapid fall in the current density; subsequently, it falls at a lower rate.
Thickness and roughness
The coating growth process occurs both by sample oxidation and by incorporation of the species present in the electrolytic solution. In both of these processes recombination of species occurs, forming new materials on the treated sample surface. Figure 2 shows micrographs obtained by scanning electron microscopy (SEM) of transverse sections of samples treated using PEO. From these, the average coating thickness was 22, 135 and 120 µm, respectively. Observe that the thickness of the sample treated for 600 s is less than treated to 300 s. This may be due to ejection of material from the coating caused by high density micro-arcs.
Observation of the transverse section of the coating reveals that it is formed by a heterogeneous and porous layer. The large thickness shows that the coating completely covers the titanium.
An analysis of Figure 1 reveals that the current density initially falls rapidly, but at greater treatment times it falls at lesser rate. As the coating thickness increases, the electrical resistance of the system increases. Consequently, as the electric field is high near the samples, the more intense electrical discharge leads to the formation of high intensity micro-arcs. Thus, deposited material is ejected from the growing coating.
The rougness values are expressed as the average and the standard deviation of three measurements. Figure 3 shows that the roughness Ra increases with increasing treatment time. This increase is also justified by the action of micro-arcs. The sample treated for 600 s has a greater roughness. Long treatment times generate more intense micro-arcs. The action of these micro-arcs increases the roughness of the samples by ejection of already-deposited material. Inspection of the standard deviation of the roughness of the sample treated for 600 s shows that the surface roughness is not uniform in the sample.
Morphology of the coating
The morphology of the samples treated by PEO may be observed in Figure 4 . Inspection of Figure 4 (a) shows that a new structure forms on the porous matrix. As the treatment time increases this structure grows and covers the porous matrix. At a treatment time of 300 s, the structure grows to form of clusters with tridimensional columns. It may also be observed that the morphology of the layer is irregular, which explains the observed increase in roughness.
X-ray diffraction
The coatings produced by PEO, at a voltage of 480 V, on the titanium substrate are composed of HA, rutile and calcium phosphate (Ca 2 P 2 O 7 ). The spectrum of the samples treated for 120 s, presented in Figure 5 , has well-defined peaks due to rutile and HA. Calcium phosphate is also detected, but the peaks have low intensities.
As the treatment time is increased the rutile phase disappears and the coating is composed only of HA and calcium phosphate. The peaks due to HA and calcium phosphate of the sample treated for 300 s have increased intensities compared to these of the spectrum of the sample treated for 120 s. Figure 4(a) shows that on the porous matrix a new cluster-like structure grows and as time passes the matrix is completely covered. Probably, the matrix bound to the titanium substrate is composed of rutile and the phase that covers the matrix is composed of HA and calcium phosphate. This interpretation is based on the observation that as the treatment time is increased rutile is no longer observed in the X-ray spectra. The first layers formed are more susceptible to the presence of rutile, since rutile is formed by the oxidation of titanium from the substrate.
As the coatings grow and the supply of titanium for production of rutile is interrupted HA and calcium phosphate predominate. Hence the clusters formed in the porous matrix ( Figure 4) are made of HA.
Note that there are no significant differences between the spectra of samples treated for 300 and 600 s, except for a slight reduction in the intensity of peaks due to HA. To obtain HA in the coating, therefore, a time of 300 s is sufficient. No peak due to titanium metal is observed in the spectrum of the coating, which demonstrates the complete coverage of the samples surface.
Cell viability
The cytocompatibility of the HA coated-titanium samples after 120s, 300s and 600s of coating time was assessed by MTT assay, which is based on the ability of viable cells to reduce yellow 3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) by mitochondrial succinate dehydrogenase. Since osteoblasts are anchoragedependent cells and only metabolically active osteoblasts can attach to a substrate, the MTT results were interpreted as a measure of cellular adhesion and proliferation. Figure 6 shows that samples treated by PEO, regardless of coating time, allowed cells to adhere to the sample surface after 24h of culture (p> 0.05). No statistical differences were found among the samples in comparison with tissue culture on untreated Ti, which were used as a control (p>0.05).
After 5 days of culture, it is observed in Figure 6 that all samples significantly stimulated cellular growth in relation to 24h of culture time (p<0.05). Among the HA coated samples, no statistically significant differences in cell densities were found (p>0.05); however, the amount of viable cells found in the samples coated for 600s was lower than those found in uncoated Ti samples (p<0.05).
It has been shown that coating of HA onto implantable surfaces enhances osteoblast affinity, improving cell adhesion and proliferation 34, 35 . In the present study, however, these results were not confirmed. On the other hand, although cytocompatibility of the coated samples was not impaired for cell adhesion and proliferation, it was not significantly improved.
Similar results were reported by Yeung et al. 36 , who assessed the cytocompatibility of PEO coated TiO 2 with human osteosarcoma cells (MG-63s) and found that PEO coated samples had fewer viable cells in comparison with plasma-sprayed HA samples and TCPS. The same authors believe that cellular behavior may be inhibited by the specific morphology or chemical composition of the PEO coating 36 . For 5 days of cultivation, the sample treated for 600 s was the only that presented cellular growth significantly less than the untreated sample, which was used as a control to compare with the treated samples (p <0.01). The sample treated for 600 s presented detachment of the deposited material, due to smaller thickness than the sample treated for 300 s. The standard deviation of the roughness shows that the surface was strongly affected by exposure of the sample to a long treatment time. The chemical composition and surface topography may have reduced the coating stability, which promoted less cell growth.
In general we can say that the treated samples are cytocompatible and stimulate significant cellular growth.
Conclusion
In this study, coatings composed of HA, rutile and calcium phosphate were produced from a solution containing a source of Ca and P. The main results are given below.
Using PEO it was possible to produce a porous coating composed of HA, rutile and calcium phosphate, possessing a high surface roughness; the latter property is useful for biomedical applications.
In one step, with a treatment time of 120 s, it was possible to obtain a coating containing HA. The HA phases depend on the treatment time, but samples treated for 120 s already present interesting characteristics for biomedical applications.
The coatings produced at all treatment times studied are cytocompatible.
